Recent work has demonstrated that the dynamic interplay between silica and carbonate during coprecipitation can result in the self-assembly of unusual, highly complex crystal architectures with morphologies and textures resembling those typically displayed by biogenic minerals. These so-called biomorphs were shown to be composed of uniform elongated carbonate nanoparticles that are arranged according to a specific order over mesoscopic scales. In the present study, we have investigated the circumstances leading to the continuous formation and stabilisation of such well-defined nanometric building units in these inorganic systems. For this purpose, in situ potentiometric titration measurements were carried out in order to monitor and quantify the influence of silica on both the nucleation and early growth stages of barium carbonate crystallisation in alkaline media at constant pH. Complementarily, the nature and composition of particles occurring at different times in samples under various conditions were characterised ex situ by means of high-resolution electron microscopy and elemental analysis. The collected data clearly evidence that added silica affects carbonate crystallisation from the very beginning (i.e. already prior to, during, and shortly after nucleation), eventually arresting growth on the nanoscale by cementation of BaCO 3 particles within a siliceous matrix. Our findings thus shed light on the fundamental processes driving bottom-up self-organisation in silica-carbonate materials and, for the first time, provide direct experimental proof that silicate species are responsible for the miniaturisation of carbonate crystals during growth of biomorphs, hence confirming previously discussed theoretical models for their formation mechanism.
Introduction
Modern approaches for the design of advanced materials with specific properties often follow bottom-up synthesis strategies starting from simple, molecular-scale components. [1] [2] [3] [4] Based on this concept, it has for instance been possible to induce concerted self-assembly of inorganic minerals into elaborate, higher-order architectures using custom-designed polymers as structure-directing agents. [5] [6] [7] Such studies are typically inspired by natural biomineralisation, where an organic matrix controls the crystallisation of inorganic matter to produce superior hybrid structures. [8] [9] [10] [11] [12] [13] However, there are also other examples of complex mineralisation phenomena, which do not require organic species but may readily occur in purely inorganic environments. Among these, the processes observed during precipitation of alkaline-earth carbonates into alkaline, silica-containing media are probably the most prominent and well-studied case. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Under the influence of dissolved silicate as a crystallisation modifier, metal carbonates (usually BaCO 3 ) can indeed assemble spontaneously into a range of sinuously shaped non-crystallographic aggregates (such as regular helicoids), which mimic products from biomineralisation closely in terms of morphology and internal hierarchy, and therefore were termed "silica-carbonate biomorphs". 16, 32, 33 The structural complexity of these peculiar materials relies on the fact that they are constituted of a multitude of uniform carbonate nanocrystals, which are largely co-oriented and thus generate mesoscopic order in the mature aggregates (as a third level of hierarchy in addition to molecular ordering on the nanometrescale and morphological control on the micron-scale).
After a recent surge of interest in this field, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] it has been proposed that the formation of biomorphs is driven by an autocatalytic co-precipitation cycle, in which the components are alternately mineralised due to their opposite trends of solubility with pH. 20, 21, 26 In essence, it is assumed that growth of carbonate particles in alkaline solutions is accompanied by a reduction of the local pH (with respect to the bulk), due to reinforced dissociation of bicarbonate near active surfaces (Ba 2+ + HCO 3 − → BaCO 3 + H + ). This pH gradient leads to enhanced protonation of silicate species in the vicinity of the carbonate particles, triggering condensation reactions and finally resulting in precipitation of a layer of amorphous silica around the nanocrystals soon after nucleation (SiO(OH) 3 − + H + → Si(OH) 4 → SiO 2 + 2H 2 O). 20, 21, 26, 27 As polymerisation of silica proceeds at the surface, the local pH is in turn re-increased (due to continuous consumption of acidic silanol groups during condensation), thus raising the local carbonate supersaturation (HCO 3 − + OH − → CO 3 2− + H 2 O) and ultimately facilitating nucleation of novel BaCO 3 crystallites, which by themselves will be cemented with silica in the following. This feedback loop is thought to ensure constant supply of the growing aggregates with nanometric building blocks, and hence represents the driving force for ordered polycrystalline mineralisation. 20, 21, 26, 27 In view of the model outlined above, one would expect that each of the nanorods constituting the final crystal aggregates is coated with an individual layer of silica. Indeed, such core-shell structures could be experimentally verified for hybrid nanoparticles of amorphous calcium carbonate (ACC) 34 or barium carbonate 35 and silica produced at high supersaturation. However, direct analyses of thin sections of mature biomorphs only confirmed the presence of small amounts of silica on the nanocrystals, whereas distinct outer layers could not be observed. 24 Consequently, the detailed role of the silica species in the stabilisation of BaCO 3 nanoparticle units during growth of biomorphs has not yet been clarified. Therefore, we have used a titration-based technique in order to gain deeper insight into the pre-and early post-nucleation stages of barium carbonate crystallisation under the influence of dissolved silica, which we consider to be crucial steps in the progress of bottom-up self-assembly. In particular, we have performed precipitation assays in which the supersaturation of BaCO 3 was gradually increased up to the point of nucleation and beyond, while the solution chemistry (and the effect of silica thereon) was continually monitored. Similar experiments have recently been employed to investigate the nucleation of calcium carbonate [36] [37] [38] and calcium phosphate 39 in general, as well as to study the impact of various soluble additives on CaCO 3 crystallisation pathways. [40] [41] [42] [43] In analogy with earlier work, precipitation was induced by slowly adding dilute barium chloride solution to an excess of sodium carbonate/ bicarbonate buffer containing different amounts of dissolved silica, at concentrations and pH levels simulating the conditions where growth of silica biomorphs is typically observed. 17, [24] [25] [26] [27] [28] 44, 45 During addition, the Ba 2+ potential was recorded in situ with the aid of an ion-selective electrode, while the pH was kept constant by back-titration with sodium hydroxide. Based on the measured values, actual concentrations of free and bound barium and carbonate ions were calculated, and used to compare time-dependent progressions obtained for different silica contents with reference scenarios traced in the absence of the additive. The resulting data are then combined with ex situ analyses of nucleated particles, carried out by means of high-resolution electron microscopy (HRTEM) and energy-dispersive X-ray (EDX) spectroscopy. Taken together, our findings paint a consistent picture of the effect of silica on the nucleation and growth of barium carbonate, which can be extrapolated to explain the role of the additive in the formation of biomorphs at the nanometre level.
Experimental pH-constant titration measurements
Titration measurements were performed on a commercially available setup manufactured by Metrohm (Filderstadt, Germany). It consists of a Titrando 809 device that controls two attached Dosino 807 dosing units, capable of dispensing liquids at volume steps of down to 0.2 μL. Experiments were carried out in an oil-jacketed vessel held at 25.0 ± 0.2°C, into which initially 50 mL of 5 mM carbonate buffer solution were given. Buffers were prepared by mixing appropriate volumes of 5 mM Na 2 CO 3 (Aldrich, anhydrous, ≥99.8%) and 5 mM NaHCO 3 (Riedel de-Haën, ≥99.7%), in order to achieve final pH values of 10, 10.5 and 11, respectively (the latter being the pH of a neat 5 mM Na 2 CO 3 solution). The three distinct pH levels were chosen because the formation of biomorphs from solution has recently been reported to be most efficient in this range. 28 The concentration of the carbonate buffers used for crystallisation had to be reduced from 10 to 5 mM as compared to previous studies on calcium carbonate, [36] [37] [38] as it turned out that barium carbonate precipitated preferentially at the outlet of the BaCl 2 solution in 10 mM Na 2 CO 3 -NaHCO 3 at all studied pH values. Silica was introduced by dissolving 5 mM Na 2 CO 3 in different dilutions of commercial water glass (concentrated sodium silicate solution, Aldrich, reagent grade), leading to the final SiO 2 concentrations of 300, 600, and 1200 ppm (500-600 ppm being the usual silica content of mother solutions in a typical synthesis of biomorphs 17, [24] [25] [26] [27] [28] 44, 45 ). The pH of the silica-carbonate mixtures was subsequently adjusted to the particular target value using aliquots of either 1 M NaOH or 1 M HCl (both Merck, p.a.), whereby the concomitant dilution was negligible.
In the actual measurements, 10 mM barium chloride solution ( prepared from BaCl 2 ·2H 2 O, Riedel de-Haën, ≥99%) was continuously added to the buffer at a rate of 0.01 mL min (with or without silica and at different pH levels). The pH of the buffer was kept constant at its set value by automatic counter-titration with 10 mM sodium hydroxide (Riedel-de Haën, standard solution 
TEM and EDX analyses
Precipitates formed in the titration experiments were isolated at distinct times by filtering the samples through 200 nm membranes (Whatman, mixed cellulose esters) and washing the remaining particles with ethanol (Baker, p.a.). The dried powder was then re-dispersed in ethanol, and aliquots of the resulting suspension were placed on carbon-filmed copper grids (Plano GmbH, 200 mesh). The excess liquid was carefully removed with a small piece of filter paper, before allowing the remaining precipitates to dry in air. The as-obtained particles were investigated routinely with a Philips CM 12 microscope at an acceleration voltage of 120 kV. Images were obtained using a Gatan TV 673 wide-angle camera and a TVIPS slow scan camera with external control utilising the EM-MENU 4 software. Selected specimens were further analysed at high resolution with a FEI Tecnai F30 STwin electron microscope (300 kV, field-emission gun, spherical aberration constant C s = 1.2 mm). STEM Z-contrast images were obtained with a HAADF detector. In order to reveal the composition of the particles, elemental mapping was performed on selected areas by means of an EDX system (Si/Li detector) mounted on the microscope. For EDX analysis of powder samples, the filtered and dried particles were directly transferred onto conducting doublesided adhesive carbon tapes that were fixed on standard aluminum stubs. Samples were studied using a Hitachi TM3000 tabletop SEM operated at an acceleration voltage of 15 kV and a working distance of 10 mm. EDX measurements were performed with the aid of an installed Bruker Quantax 70 detector. Spectra were recorded from not less than three different positions on the stub, and results were averaged for a given specimen.
Results
In situ potentiometric titrations Fig. 1 shows the temporal evolution of the free ion products detected upon titration of barium chloride into carbonate Fig. 1 Time-dependent profiles for the free BaCO 3 ion products traced during continuous addition of 10 mM BaCl 2 to 5 mM Na 2 CO 3 -NaHCO 3 buffers at (A) pH 10, (B) pH 10.5, and (C) pH 11. Experiments were performed in the absence of silica (black curves) and in the presence of 300 ppm (blue curves), 600 ppm (red curves) and 1200 ppm SiO 2 (green curve, only measured for pH 11).
buffers at different pH and silica contents. Regarding at first the reference experiments with no added silica (black curves), it is evident that the free ion product increases more or less linearly with time, until a critical point is reached and nucleation of BaCO 3 occurs (maximum of the curve [36] [37] [38] and soon transforms into a crystalline phase when left in contact with the mother solution (as shown more explicitly below). Alternatively, one may speculate that the higher solubility observed in the titrations reflects differences in the thermodynamic stability between bulk and nanosized witherite, as reported previously for other minerals. [49] [50] [51] Apart from that, we find that the amount of free Ba 2+ detected in solution prior to nucleation is significantly lower than the dosed amount (see Fig. S1 in the ESI †), indicating the formation of BaCO 3 ion pairs and/or larger clusters as in the case of calcium carbonate. [36] [37] [38] 52 In fact, about 32, 52 and 65% of the added cations are bound in the prenucleation regime at pH 10, 10. The effect of silica as an additive in BaCO 3 precipitation can now be evaluated by comparing titration profiles obtained in its presence with those seen in the reference experiments. In line with earlier work on calcium carbonate, [40] [41] [42] [43] we discuss three distinct aspects in the curves: (i) the slope of the temporal increase in free Ba 2+ prior to nucleation (reflecting the stability of ion associates in solution), (ii) the time of nucleation and any occurring delay of nucleation, and (iii) the level of the free ion product after nucleation (indicating the solubility/stability of the precipitated phase as well as possible interactions with formed particles, e.g. growth inhibition). Changes in these three parameters relative to the reference scenario are outlined as a function of pH and silica concentration in Fig. 2 . Looking first at the prenucleation slopes ( Fig. 2A , values determined by linear fits to experimental n free (Ba 2+ )-time data, cf.
Fig. S1 in the ESI †), one can observe that addition of silica leads to a flattening of the curves, the extent of which depends on both the pH and the SiO 2 content. Generally, flat slopes mean an enhanced binding tendency for the barium ions, which in the present case can be caused by two distinct effects. First, the cations could form complexes with the silicate species in the system. To assess such interactions independently of the influence of carbonate ions, we have performed a series of reference experiments where barium chloride was titrated into carbonate-free silica solutions under the same pH and concentration conditions. The results (see Fig. 2 Bar plots illustrating the effect of added silica on (A) the slope of the titration curves in the prenucleation stage, (B) the nucleation time, and (C) the solubility of the initially precipitated phase for different buffer pH levels and analytical silica concentrations (as indicated).
Results are given as relative changes to the silicate-free reference experiments at each pH, that is, as quotients of the respective values determined in the presence and in the absence of silica. Fig. S2 in the ESI †) show that there is no detectable binding of Ba 2+ in the absence of carbonate at pH 10 for 300 and 600 ppm SiO 2 , while at pH 10.5 about 20-30% of the added cations appear to be bound by silica at both concentrations. At pH 11, we could not again trace any significant complexation up to silicate contents of 600 ppm, whereas a reduction in free Ba 2+ of around 30% was observed at 1200 ppm. This behaviour can be understood on the basis of pH-dependent changes in the speciation of silica in solution: [53] [54] [55] as the pH is decreased, enhanced condensation of siliceous species leads to a higher fraction of larger oligomers, which per se seem to be more suitable for the complexation of divalent cations. In turn, the number of charges at these oligomers -which obviously are essential for interaction with the cations -decreases at lower pH and therefore, strongest binding is found at an intermediate pH level, here about 10.5. Thus, complexation by silicate species may account to some extent for the observed flattening of the prenucleation slopes in carbonate buffers at pH 10.5 (and 11), but it cannot explain the trends seen in Fig. 2A , where changes clearly become more pronounced with decreasing pH and increasing silica concentration: at pH 10 and 600 ppm SiO 2 , the slope is reduced to about 55% of the reference without silica, whereas there is hardly any effect at pH 11 and 300 ppm. The second possible role of added silica in the prenucleation regime is to interact with associated species (that is, BaCO 3 ion pairs and/or clusters) and stabilise them relative to the reference case, as also reported for a number of other soluble additives in previous studies on CaCO 3 . [40] [41] [42] [43] Again, one can envision that the silicate oligomers and polymers present at lower pH are more efficient in such stabilisation phenomena than the mono-and dimers prevailing at high pH. On the other hand, charge is not necessarily an important factor in this type of interaction, because ion pairs and clusters are supposed to be neutral solute entities. This would rationalise the observed trends and suggests that stabilisation of prenucleation species is the dominant effect of silica under the given conditions, while simple ion complexation only has a minor influence (also note that binding of barium ions by carbonate is significantly stronger than with silicate, as evidenced in Fig. S2 in the ESI †). Finally, it is worth mentioning that the curves recorded for 600 and 1200 ppm SiO 2 at pH 11 follow the reference in the beginning, before they bend down after about 1000-2000 s (see the arrow in Fig. 1C) to subsequently increase at a smaller slope. This might hint at the formation of larger silicate oligomers during an initial induction period (likely due to Ba 2+ -induced silica condensation), 56 which then -above some critical concentration -influence BaCO 3 ion pairs and clusters in a way related to what is found for lower pH values.
Similar trends can be distinguished concerning the nucleation time (Fig. 2B) . Here, it is evident that the presence of silica causes a noticeable delay of nucleation, and that the degree of retardation again depends on both the pH and the silica concentration. The corresponding inhibition factors (IF, defined as the ratio of the nucleation time in the presence of silica to that in the additive-free reference experiment) demonstrate that the influence of silica becomes much more distinct at higher concentrations (IF = 3.5 and 6.3, respectively, for 300 and 600 ppm at pH 10). On the other hand, for a given silica content, the data show a clear and consistent decrease in the inhibition ability with increasing pH so that, at 300 ppm SiO 2 and pH 11, there is merely a minor extent of retardation discernible (IF = 1.4). Consequently, oligomeric silicates seem to be much more suitable for impeding nucleation than monomers and dimers, in analogy with what has been observed with regard to the stabilisation of prenucleation species (Fig. 2A) .
Nevertheless, the most drastic impact of silica on the early stages of BaCO 3 crystallisation can be seen in the apparent solubility of the initially precipitated phase (Fig. 2C) , which is higher in all silica-containing samples than in the references without silica. In fact, the free ion product measured at the end of the experiment at pH 10 and 600 ppm SiO 2 exceeds that of the corresponding reference by a factor of more than 10. Another striking aspect of the precipitation behaviour in the presence of silica is that the level of free ions in solution does not fall to a constant solubility within the duration of the measurements (see Fig. 1 ). Rather, the free ion product decreases continuously and at a rate that is markedly slower than in the reference experiment. In some cases (300 ppm SiO 2 at pH 10 and 10.5, and 600/1200 ppm at pH 11), we observed an initially steep decline which, at a more or less pronounced breakpoint, turns into a much flatter decay in the following. These findings suggest that the precipitated phase is not in equilibrium with the surrounding solution, so that its actual solubility product cannot be established (at least not during the studied period, except for the sample at pH 11 and 300 ppm SiO 2 ). In other words, the nucleated particles cannot grow freely, likely because added silica inhibits also growth of BaCO 3 (as will be further discussed below). Again, the effects become dramatically stronger when the concentration of silica is increased and/or the pH of the buffer is decreased (cf. Fig. 2C ), indicating that growth inhibition is likewise performed in a more effective manner by oligomeric silicate species, which are more abundant at lower pH.
Characterisation of nucleated particles
The precipitates formed at the end of each titration experiment were further analysed by means of transmission electron microscopy (Fig. 3) . In the absence of silica (Fig. 3A-C) , crystals with rod-or needle-like shapes and sizes in the micronrange (typically about 5 µm in length and 1 µm in width) were obtained, with no distinct variations being discernible between the samples produced at different pH values. Electron diffraction patterns confirmed these particles as well as those generated under the influence of silica to be orthorhombic, witherite-type barium carbonate (see Fig. S3 -S5 in the ESI †). Addition of silica proved to have a drastic size-reducing effect on the resulting crystals, which thus became scaled down to dimensions in the nanometre regime (with characteristic lengths of 200-700 nm and widths of 1-50 nm, cf. Fig. 3D , E, and G-I). This is true for all silica-containing samples except for 300 ppm SiO 2 at pH 11, where micron-sized crystals only slightly smaller than in the reference case were produced (Fig. 3F ). These observations comply well with the results of the titration measurements, in which silica also showed only a minor influence on the precipitation behaviour under these conditions (cf. Fig. 1 and 2 ). Beyond that, we can also distinguish trends in the size of the nanoparticles that are consistent with (though not as clear as) those reflected in the titrations, that is the crystals become smaller as the silica content is raised or the pH is lowered. This is most evident in the sample at pH 10 and 600 ppm SiO 2 , where fairly uniform nanorods, about 100 nm long and 20 nm wide and embedded in a matrix of silica, were generated (Fig. 3G) .
In a further series of experiments, the composition of the precipitates formed under the distinct conditions was investigated by scanning EDX analysis and the HAADF-STEM mode ( Fig. 4 ; see also Fig. S6 and S7 in the ESI †). Elemental maps of crystals grown at different silica contents demonstrate the presence of a continuous matrix of silica (visible as increased Si counts) around individual BaCO 3 nanorods. The amount of silica associated with the carbonate crystals was determined independently by EDX spectroscopy of bulk powder samples (see Fig. S8 in the ESI †). It was found that the overall Si content in the precipitates depends on the silica concentration in solution as well as on the pH of the buffer, with general tendencies that, again, very well match with those identified in the titrations. While the highest silica content is obtained at 600 ppm SiO 2 and pH 10 (Si/Ba ≈ 0.13), lower amounts are detected when the pH is increased (Si/Ba ≈ 0.09 for 600 ppm at pH 10.5 and 11) or when less silica is added to the mother solution (Si/Ba ≈ 0.08 for 300 ppm at pH 10). Remarkably, we could not detect any significant counts for Si in the crystals formed at 300 ppm and pH 11, i.e. exactly under those conditions where no considerable downsizing was observed either (Fig. 3F ). This suggests strongly that the silica content of the crystals and their size are interrelated, with higher Si levels being linked to smaller particles. On that basis, we can conclude that addition of silica provokes miniaturisation of BaCO 3 particles formed during precipitation from solution.
To gain additional insight into the actual nucleation process of barium carbonate in the presence of silica, we have studied further samples that were drawn directly after the maximum in the titration curve (∼10 500 s for the system at pH 10.5 and 600 ppm SiO 2 ). HRTEM micrographs of such specimens reveal a continuous solid matrix with relatively low electron contrast, which hosts numerous individual spots that exhibit higher contrast and measure only a few nanometres (3-5 nm) in diameter (Fig. 5) . Interestingly, these nanoclusters grow in size (to about 10 nm) and become crystal- line (with signatures typical for witherite) when exposed to the electron beam (Fig. 6A) .
These are strong indications that the small units are BaCO 3 clusters dispersed in a matrix of amorphous silica. In this regard, one may speculate that nucleation of BaCO 3 proceeds via these clusters and involves their aggregation and final coalescence, as reported in detail for calcium carbonate. 36, 52, 58 The role of the silica would thus be to keep the clusters apart and hinder their agglomeration, 43, 59 ,60 thereby delaying nucleation under otherwise identical conditions (as observed in the titrations). Growth of witherite crystals (and/or any possible amorphous precursors) might moreover occur through attachment (or fusion) of these primary units. This notion is supported by HRTEM images of mature crystals, in which domains with contours reminiscent of the spherical precursor particles can still be discerned (Fig. 6B ).
Discussion
In this work, we have used a titration-based setup to gain detailed insight into the nucleation of barium carbonate under the influence of dissolved silica at a constant pH, and correlated the obtained results with particle sizes and compositions determined for crystals isolated at the end of the experiments. From the Ba 2+ potentials monitored in situ during titration, it was possible to assess the multiple effects of added silica on distinct stages of nucleation and early growth in a quantitative manner, i.e. changes in the equilibria of ion associates existing in solution before nucleation, the ability of the additive to retard nucleation, and also its impact on the solubility (and thus nature) of the initially formed solid phase. All these parameters were noticeably affected in the presence of dissolved SiO 2 , to an extent that depended on both the silica concentration and the pH of the system. Concerning the prenucleation regime, our data show that Ba 2+ and CO 3 2− ions undergo association into ion pairs and/or larger clusters as reported previously for CaCO 3 , 36,47,52,58 and that added silica is obviously capable of stabilising these species. The degree of stabilisation appears to be a function of the chemistry of silica in solution (apart from the additive concentration alone), with higher oligomers (as prevailing at lower pH) being more efficient than simple monomers or dimers.
Although we can only speculate about possible reasons for this behaviour, it may be argued that oligomeric silicates encapsulate ion pairs or clusters and thereby effectively remove them from the equilibrium with the free ions, hence increasing the fraction of bound ions and rationalising the observed trends with pH. In any case, this stabilising effect is accompanied by a delay of nucleation relative to the reference without added silica. In light of the TEM analyses performed on precipitates isolated shortly after nucleation ( Fig. 5 and 6 ), it seems that embedding of small clusters in a siliceous matrix is the basis for this inhibition. Again, lower pH and/or higher silica contents lead to stronger effects, suggesting that the ability of silica to condense and polymerise under the given conditions plays an important role in this context. Similar observations were recently made for mixtures of calcium carbonate and silica, where it was proposed that silicate species bind onto the periphery of ion clusters and thus generate a negative charge around them that causes mutual electrostatic repulsion. 59 Consequently, the tendency of the clusters to aggregate and finally merge would be restricted, so that nucleation becomes inhibited if it proceeds via cluster agglomeration. Such colloidal stabilisation of CaCO 3 prenucleation species against aggregation and nucleation has been reported also for other polymeric additives, 40, 41, 43 whereas changes in the structure of the clusters ( possibly due to additive incorporation) were discussed as a reason for enhanced association in the presence of simple molecules like aspartic or citric acid. 42, 60, 61 Regardless of the particular mechanisms underlying the interactions between nucleating barium carbonate and added silica, the present results strongly suggest that the early stages of BaCO 3 crystallisation may involve rather complex processes not envisaged by classical theories, which in many aspects appear to be similar to the comparatively well-studied CaCO 3 case, but yet show certain important differences (e.g. lower stability of prenucleation clusters or the absence of a distinct amorphous intermediate phase).
In view of the formation of silica biomorphs, the most important effect identified in the titrations occurs in the early postnucleation stage, where the measured free ion products are dramatically higher in silica-containing solutions than in the reference experiment. In addition, the concentration of free ions does not reach a plateau over the studied period of time in most cases, but rather decreases monotonously (cf. Fig. 1 ). This shows that the high ion products observed after nucleation do not reflect the formation of a less stable and hence more soluble intermediate phase (stabilised by silica), for which a constant level of free ions in solution, dictated by the solubility product of the most soluble phase present, would be expected. 47, 52 Nevertheless, the behaviour of the system can readily be understood when considering the structure and composition of the formed particles (cf. Fig. 3  and 4) . In additive-free experiments, the BaCO 3 crystals can grow freely and soon reach dimensions in the micron-range (cf. Fig. 3A-C) ; thus, the solid phase is in equilibrium with the surrounding solution (no growth inhibition), as is reflected in constant ion products after nucleation. In the presence of silica, the situation is drastically different; according to TEM and EDX analyses, the additive precipitates around the carbonate rods, thereby stabilising them at small particle sizes. Coating with silica impedes growth of BaCO 3 and probably also delimits exchange of Ba 2+ ions between the solid carbonate and the solution, both being essential for a constant solubility to be established. Furthermore, as growth cannot be simply continued, novel nucleation events will occur as the system is still far beyond saturation, leading to the formation of new nanoparticles that again will be embedded in silica. Therefore, supersaturation (i.e. the level of free Ba 2+ and CO 3 2− in solution) can only gradually be diminished in a cascade of successive nucleation and -short -growth periods, which is fully in line with the slow decrease of the free ion product observed under these conditions. Over time, this results in a multitude of uniform, silicacovered BaCO 3 nanorods with sizes that are very close to those of the building blocks constituting silica biomorphs (typically 200-400 nm in length and up to 50 nm in width. 16, 17, 20, 21, 24, 27, 45 Interestingly, even the composition of the nanoparticles formed in the titration assays (Si/Ba atomic Close examination suggests that the crystal was formed via fusion of spherical primary particles, the contour of which can still be distinguished (highlighted by dotted orange circles). Scale bar: 10 nm.
ratio: 0.05-0.13, cf. Fig. S8 in the ESI †) is nearly identical to what has been reported for the nanocrystal units in the core of biomorphs (0.05-0.10). 24 This suggests that the effects identified in the present experiments are directly relevant for the formation of silica biomorphs; that is, the limitation of particle sizes to the nanoscale, as well as the concomitant high nucleation frequencies during self-assembly of the crystal aggregates, can be ascribed to the silicate species in solution. Indeed, similar conclusions were already drawn in previous studies by Aquilano and co-workers, who proposed that adsorption of silicate oligomers onto the surface of nucleating carbonate particles leads to a substantial decrease of interfacial tension and consequently to increased nucleation rates, which yield a large number of small particles. 23, 62 Our results, however, do not support this notion (as we find that silica actually inhibits BaCO 3 nucleation) and rather indicate a scenario where miniaturisation of the building units is caused by the deposition of a continuous layer of amorphous silica around individual nanoparticles. Precipitation of silica on the carbonate particles can be explained by local pH gradients that exist in the vicinity of carbonate surfaces growing in alkaline media, as proposed theoretically in recent studies 20, 21, 26, 27 and confirmed experimentally by the data collected in the present work. Based on this model of coupled co-precipitation, it is furthermore possible to explain the distinct efficiency of silica to downsize the BaCO 3 crystals at different pH values. If this effect relies on a coating of the carbonate particles in a layer or matrix of silica, then the propensity of silica to condense and polymerise under the respective conditions should be a decisive factor. Correspondingly, the smallest crystallites ( Fig. 3 ) and highest silica contents (Fig. S8 in the ESI †) were obtained at pH 10 and 600 ppm SiO 2 , where the oligomerisation tendency is the strongest. 53, 54 While particles with somewhat larger sizes (yet in the nano-range) and lower Si counts were produced when increasing the pH to 10.5 and/or decreasing the silica concentration to 300 ppm, there is a marked and abrupt change in the behaviour at pH 11. Here, silica does not affect the crystal size to a large extent at 300 ppm, nor is it co-precipitated with the carbonate particles in any detectable amounts. This indicates that the mechanism of stabilisation cannot take place under these circumstances, which is reasonable in light of the concept of pH-based chemical coupling; on the one hand, the fraction of bicarbonate ions in equilibrium at pH 11 is rather low (∼17%), so that the generation of a pH gradient due to local HCO 3 − dissociation during BaCO 3
growth should be more difficult than at lower pH (at least any such gradient would be less pronounced). On the other hand, the solubility of silica is relatively high at pH 11, 53 and hence, the fewer protons released at the carbonate surface may not be sufficient to reach a critical level of supersaturation and trigger local silica precipitation. In turn, this seems to be possible when the silica concentration is raised to 600 ppm at pH 11, where -again -nanosized particles with significant amounts of associated silica were formed. These considerations further corroborate the idea of pH-induced co-mineralisation of silica and carbonate at local length scales.
Conclusions
In summary, our experiments have revealed detailed aspects of the nucleation and early growth stages of barium carbonate crystallisation in the presence of silica under conditions that reflect those typically applied for the preparation of selfassembled biomorphic materials. By a pH-constant titration methodology, we have observed that BaCO 3 precipitation is preceded by the formation of ion associates in solutions (ion pairs and/or clusters), and that nucleation occurs -in all likelihood -through aggregation and fusion of these precursors into spherical primary particles that then merge to yield rod-like nanocrystals (at least under the influence of silica). The impact of silica as an additive during this process proved to be manifold and concerned virtually any of the investigated stages. First, we could identify a stabilising influence on BaCO 3 prenucleation species, presumably originating from binding of oligomeric silicates on solute clusters. Second, the initial nucleation step was progressively delayed, supposedly due to embedding and mutual shielding of small carbonate nuclei within a matrix of amorphous silica. Both of these effects were found to depend on the pH and the additive concentration in the samples, and could be correlated with the speciation of silica in solution under the respective conditions. Finally and most importantly, our data provide clear evidence that the presence of silica leads to a substantial miniaturisation of the resulting carbonate crystals, from rather ill-defined micron-sized rods to uniform elongated nanoparticles. This change can be ascribed to the deposition of extended silica layers around the evolving crystallites, which impedes further growth and ripening. The latter feature is also apparent in silica biomorphs, which are composed of exactly such submicron BaCO 3 crystallites as building blocks. While it has previously been conjectured that silica facilitates stabilisation of these nanometric units, 20, 21, 26, 27 the present work provides direct proof for this claim and, moreover, confirms the notion that spontaneous precipitation of silica around the carbonate crystals results from local variations in pH. The observed stabilisation of prenucleation species and the simultaneous delay of nucleation may allow for high levels of supersaturation near the front of evolving biomorphs, which is an essential prerequisite for the envisaged autocatalytic mechanism of growth and would explain the large number of small crystallites produced in each of the consecutive nucleation events occurring during the development of these biomimetic crystal aggregates. 26, 27 All in all, the measurements performed in this study shed light on the nucleation of barium carbonate in general and, particularly, enable a much more profound understanding of the processes leading to the formation of well-defined building units in silica biomorphs, which may be translated to explore the physical origin of other self-assembled hybrid materials as well.
